We have studied the channel-size dependence of nonequilibrium electrons excited into higher Landau levels in a quantum Hall conductor, by mapping cyclotron emission in Hall bars of different sizes. The images obtained reveal that the spatial evolution of the nonequilibrium electrons with current density significantly depends on the channel width of the Hall bar on a macroscopic scale of several hundred ms. This observation provides clear evidence of a macroscopic channel-size effect, which can be reasonably understood as originating from a very long equilibrium length of the excited electrons.
When the size of a finite-size system is reduced to become comparable to the length scale characteristic of a physical phenomenon occurring in the system, the characteristic properties of that phenomenon are strongly influenced by the size itself. Among the many systems where such size-dependent phenomena can be studied, lowdimensional semiconductors are particularly attractive because the size dependence of their electronic and optical properties can be studied in detail owing to the high degree of control achieved in fine processing of devices and in the realization of high electron mobility. In particular, the quantum Hall effect (QHE) [1, 2] that appears in a twodimensional electron gas (2DEG) under high magnetic field has been found to exhibit a variety of size-dependent physical phenomena [3] [4] [5] . Zheng et al. [3] found that when the width of the conducting channel is reduced to only a few micrometers, the amplitude of the oscillations normally observed in longitudinal resistivity xx vs B is strongly reduced. They argue that this phenomenon may arise from an enhancement of electron-electron interaction. The authors of Refs. [4, 5] studied the temperature dependence of transition spectra between adjacent QHE plateaus in Hall bars of different sizes [4] and in Hall bars with Schottky gates of different sizes [5] . They were able to derive the critical exponent of a localization length [4] and the absolute size of an inelastic-scattering length [5] .
Furthermore, earlier works on inter-Landau-level scattering (inter-LLS) lead us to expect a new type of size effect in the QHE conductor, as described in the following: Previously, Komiyama et al. [6] and Kaya et al. [7] measured xx distributions along the channel direction in the breakdown regime of the QHE by using Hall bars with many voltage probes. They observed that the equilibrium length, L eq , of the excited electrons reaches a very long value of 100-300 m. Here, L eq is defined as the electron traveling distance during the following process: the electrons are excited into higher Landau levels above the Fermi level, and eventually the nonequilibrium excited electrons return to the original lower Landau levels below the Fermi level by releasing their excess energy. These observations lead us to the interesting expectation that the spatial distribution of the nonequilibrium excited electrons will macroscopically depend on the relation between 2DEG-channel dimensions and L eq . This issue is of fundamental importance for designing and producing functional devices using the nonequilibrium electron states in the QHE system, such as a tunable terahertz (THz) laser proposed by Aoki [8] and a relaxation oscillator developed by Nachtwei et al. [9] . The tunable THz laser especially is in strong demand in various fields such as radio astronomy, biochemical spectroscopy, and medicine as well as solid-state physics. Some time ago, the spatial distribution of heat dissipation was measured using the fountain-pressure effect of superfluid liquid helium [10] and a local bolometry technique [11] . It was found that, in the QHE state, dissipation takes place almost totally at the electron entry and exit corners of the Hall bar, called the hot spots. Unfortunately, since these earlier experiments probe the lattice temperature related to Joule heating, they do not exclusively observe the inter-LLS distribution in the 2DEG region, i.e., the effective temperature of the excited electrons. Thus far, no experimental techniques were available for imaging only the inter-LLS distribution, and hence the existence of size effects for the nonequilibrium electrons has not been definitively proved.
Recently, a new type of scanning optical microscope for imaging cyclotron emission (CE) in a QHE conductor has been developed [12, 13] . Since CE results from the interLandau-level transition of electrons, CE mapping is a direct measurement of inter-LLS distribution. We can therefore visualize density profiles of the nonequilibrium electrons. Using this unique technique, we have been able to examine in detail the dependence of the nonequilibrium electron distributions on the 2DEG-channel size below and above the QHE breakdown regime. The images that were obtained present the first clear demonstration that the nonequilibrium electron distribution exhibits a macroscopic dependence on the 2DEG channel width W: In a narrow sample with W 20 m, the critical current density, j c , for the QHE breakdown is 1:4 A=m, and at a current density j 1:5 A=m, CE takes place over the whole region of the 2DEG channel. As W increases to 300 and 1200 m, however, j c becomes much lower (decreasing to j c 0:34 A=m and 0:16 A=m). In these wide samples, the location of CE accompanied by the QHE breakdown is limited to a localized area close to the source contact, which is in strong contrast to what is observed for the narrow sample. We show that these remarkable size effects can be reasonably explained as arising from the macroscopically large value of L eq . The present findings provide important information for producing efficiently population inversion between adjacent Landau levels and open up the possibility of developing a new all-solid-state THz laser [8] based on the QHE device. Figure 1 schematically depicts the experimental setup for imaging CE. In this optical microscope, we use a solid immersion lens (SIL) system, in which a Si hyperhemispherical lens is in contact with the back surface of a GaAs=Al 0:3 Ga 0:7 As heterostructure sample. CE from the focal point located on the 2DEG layer of the sample is collimated via the Si-SIL and is guided through a metallic light pipe to a THz detector. The sample slides relative to the Si-SIL with an X-Y translation stage, while the optical system (including the detector) is stationary. The relatively large refractive index of GaAs and Si (n 3:4) provides an improved spatial resolution much higher than that obtained previously with a free-space optical geometry [14] . In the present system, we obtain a resolution of about 50 m at 130 m, the wavelength of CE in vacuum. As a THz detector, we use a highly sensitive and wavelengthselective detector based on a QHE device [15] .
In this work, we study three Hall bar samples with different values of W, all of which are fabricated on the same GaAs=Al 0:3 Ga 0:7 As heterostructure wafer that has an electron mobility of H 62 m 2 =V s and a sheet electron density of n s 2:4 10 15 m ÿ2 at T 4:2 K. The samples have 2DEG channels with a length L 4000 m and widths W 20, 300, and 1200 m, respectively, where the two voltage arms are connected at an interval of 3800 m. The detected signals of CE are measured with a lock-in amplifier, where 20 Hz rectangular-wave currents alternating between zero and a given finite value I are passed through the samples. All the measurements are carried out at 4.2 K. Figure 2 shows the longitudinal resistance R xx versus magnetic field B at j I=W 0:15, 0.4, and 1:5 A=m for the three samples. These transport data show that increasing W leads to the reduction of j c at Landau level filling factor 2 (B 5:26 T). The 2 QHE plateau is well developed for the W 20 m sample at j 0:4 A=m, whereas, in the W 300 and 1200 m samples, a finite R xx already shows up at this current density, showing that the QHE breaks down. From I-V characteristic measurements at 2, we observe a strong dependence [16] . The above results suggest that when W is increased, the distribution of the nonequilibrium electrons associated with the QHE breakdown exhibits a quite different profile even when the current density is the same.
The findings obtained from Fig. 2 are more distinctly demonstrated in CE images shown in Fig. 3 . 
(ii) In the present spatial resolution (50 m) of our THz microscope, we cannot clearly resolve the profile of the CE distribution along the channel-width direction for the W 20 m sample. However, we observe that the intensity profiles are concentrated on the side of the hot spots. The presence of CE in the hot spots is consistent with the results of our earlier report [17] , in which we explained that it occurs due to R H I 2 (R H is the Hall resistance). When j increases to 1:5 A=m, CE appears over the whole 2DEG region. Comparing with the transport data in Fig. 2 shows that the CE (except that in the hot spots) observed at j 1:5 A=m arises from the breakdown of the QHE. On the other hand, in the wider samples with W 300 and 1200 m, the spatial evolution of CE with current density is clearly different from that observed for W 20 m. At j 0:15 A=m, CE occurs only around the two hot spots. At j 0:4 A=m, however, CE emerges in a localized region close to the source contact [13, 14] . As shown in Fig. 2 , R xx takes a finite value even at such a low current density. This means that the localized CE (except that in the hot spots) is associated with the QHE breakdown. Moreover, CE images at j 1:5 A=m show that the CE area spreads over most of the 2DEG region but that CE intensity remains more important on the source-contact side. This is in marked contrast to the almost equal occurrence of CE over the whole 2DEG area for W 20 m. We experimentally confirmed that the above patterns of CE distributions systematically change upon reversal of polarities of B and I, and that similar features are observed for other samples fabricated on different wafers. This rules out the possibility that the present CE images could be ascribed to an inhomogeneity of the electron density, showing thus that these features are intrinsic to the QHE conductor.
The results presented above clearly reveal that the nonequilibrium electron distribution exhibits a significant W dependence on a macroscopic scale of several hundred micrometers. The observed channel-size effect does not follow local electrostatic potential distribution, suggesting that the very large value of L eq is related to such nonlocal behavior. In the following, we discuss the underlying meaning behind the macroscopic geometry effect, based on the relationship between W and L eq in terms of size.
The experimental data showed that in the narrow sample with W 20 m, the observed value of j c 1:4 A=m is in agreement with the typical value of j c 1-2 A=m and CE at j 1:5 A=m is spread over the entire region of the 2DEG channel. It follows that the occurrence of CE due to the QHE breakdown is caused by the average Hall electric field, E in , in the interior 2DEG region, as represented in the upper panel of Fig. 4 . On the other hand, the data on the wide samples showed that as W is increased, the CE distribution changes to become localized in a limited region close to the source contact. It should be noted that a strong polarization electric field E con is developed near the current contacts [18] , which is much larger than E in , typically by a factor of about 10 [14] . Therefore, the observed location of CE directly means that CE arises due to E con , not E in , as depicted in the lower panel of Fig. 4 . This is consistent with the experimental fact that the value of j c 0:16 A=m for W 1200 m is about 1 order of magnitude lower than j c 1:4 A=m for W 20 m.
Taking the situations mentioned above into account, we now address the origin of the strong W dependence of the nonequilibrium electron distributions. As described earlier in this Letter, the electron-excitation process is characterized by the very long L eq : 100-300 m. This means that the electrons travel the macroscopic distance L eq to lead to an appreciable generation of CE. As shown in Fig. 4 , electron excitation begins to take place owing to the high electric field in the electron entry corner S 1 . When W L eq , however, electron excitation can take place only as the electrons traverse the Hall bar along the channel-length direction, as denoted by the red lines in the upper panel of Fig. 4 .
On the other hand, in a wide Hall bar with W L eq , as drawn in the lower panel of Fig. 4 , the excitation process can proceed along the channel-width direction over the distance L eq , though the electric field decreases away from S 1 . As mentioned earlier in this section, since this process is driven by E con , CE resulting from the QHE breakdown emerges at a much lower current density than the typical value of j c 1-2 A=m. A similar excitation process takes place along the boundary of the drain contact. In this region, however, the electrons travel from the opposite corner (D 2 ) to the electron exit corner (D 1 ). This direction is opposite to that on the source-contact side. This situation results in the maximum of the corresponding CE intensity at D 1 , though electron excitation starts around D 2 . As the current increases, the above excitation process, especially on the source-contact side, can further develop towards the inner 2DEG region. As a result, the CE region spreads over the very long distance of several mms from the source contact, as observed for the W 1200 m sample. When E in exceeds a critical electric field, E c , for the QHE breakdown, CE eventually extends to most of the region of the 2DEG channel. However, as long as E con is much larger than E in , CE intensity is still concentrated on the source-contact side. We can thus conclude that the underlying origin of the observed striking W dependence is based on the excited-electron trajectories determined by the relation between the values of W and L eq .
Finally, we mention a comparison with another type of QHE breakdown reported by Balaban et al. [19] . There are two different categories of QHE breakdown according to the relationship between the critical current, I c , for the QHE breakdown and W: the first type is a linear dependence of I c on W [16] and the second type is a sublinear dependence of I c on W [19] . As for the second type of QHE breakdown, Balaban et al. [19] reported a strong sublinear dependence for narrow samples with W < 100 m; for example, j c 0:05-0:1 A=m for W 20 m, which is much lower than j c 1-2 A=m for the first type. The value of j c 0:05-0:1 A=m is similar to that of j c 0:16 A=m observed for W 1200 m in the present experiment. However, we observe that the wafer used in our experiment shows a linear W dependence of j c for W < 100 m. This leads us to conclude that the QHE breakdown for the much wider samples (W 300 and 1200 m) in our experiment has an origin different from that of the second type of QHE breakdown and therefore is understood in terms of the first type of QHE breakdown, i.e., the very large value of L eq . The elucidation of the second type is beyond the scope of this Letter and is our next step. We are now preparing a new THz microscope with near-field optics, leading to much higher spatial resolution. We expect that applying this technique will help to understand comprehensively this issue.
In summary, we have investigated the dependence of nonequilibrium electron distributions on the conductingchannel width in a QHE Hall bar, by means of a CE imaging technique using a SIL system. The images obtained show that as W increases from 20 to 1200 m, the spatial CE distribution related to the QHE breakdown changes from the entire 2DEG region to a localized region near the source contact, and j c becomes much lower than the typical value of j c 1-2 A=m. This observation provides clear experimental evidence of the macroscopic channel-size effect of the nonequilibrium electrons, resulting from the very large value of L eq . The potential realization of a tunable THz laser [8] using the QHE device will benefit from the present findings that provide a new insight for creating population inversion efficiently.
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